Abstract The circum-Pacific trench slope system is one of the most spectacular topographic features of the Earth. We report the relatively frequent occurrence of upslope passages (50 times a year) of internal bores in the Japan Trench system. Observations were made using a triaxial accelerometer, a tiltmeter, and a current meter at the seafloor, 3400 m deep, during 10 months from 2013 to 2014. We detected 42 tilt events from the records of the accelerometer and confirmed their consistency with the tiltmeter records. The tilt occurred always landward by 1-10 mrad with a rise time on the order of 1000 s and return to the original with a much longer recovery time. The current and temperature records available for the first two events indicated that landward tilting was associated with an upslope current with a speed of several cm/s and a temperature drop of several tens of m 8C. The temperature remained cold even after the current had diminished. All of these observations implied the frontal passages of upslope advancing bores, which caused the instrument to be tilted landward. The observational site was located at the trench slope break, separating the trench slope (sloping supercritically or near critically for the M2 internal tide) from the forearc basin (sloping subcritically). This unique locality suggested the internal tide origin of the observed bores, although other possibilities could not be precluded. Bores generated on the trench slope may play a role for upslope transportation of suspended sediments stirred up by deep submarine landslides.
Introduction
Internal bores are solitary waves characterized by an upsloping surging front followed by dense (cold) waters [Walter et al., 2012] . They are developed through nonlinear interactions of internal gravity waves (or internal waves) with the sloping bottom. Among many mechanisms of internal wave generation, tidetopography interactions are predominant in tidal frequencies, and winds acting on the ocean surface are predominant in near-inertial frequencies. Each mechanism accounts for approximately 50% of the energy in the oceanic internal wavefield [Lamb, 2014] . Most internal wave energy is in low vertical modes; whereas, most of the dissipation occurs in higher modes, which have higher shear [Lamb, 2014] . Low-mode internal waves can propagate thousands of kilometers in the ocean so that they are expected to fill rapidly the ocean interior [Niwa and Hibiya, 2001; Alford, 2003; Rainville and Pinkel, 2006] . The ultimate fate of low-mode internal waves far from the original source remains enigmatic. Garrett and Kunze [2007] suggest a few possible mechanisms for the dissipation of the low-mode internal tide, including propagation onto the continental shelves where the low-mode onshore energy flux is converted to a divergence of high-wave number offshore energy flux [Nash et al., 2004] . Conversion may also occur through the development of internal bores that move upward along the slope [Venayagamoorthy and Fringer, 2012] .
Although there have been many reports of bore detections, they have been mostly from shallow continental slopes [Rosenfeld et al., 1999; Colosi et al., 2001; Klymak and Moum, 2003; Hosegood et al., 2004; van Haren, 2009; Nam and Send, 2011; Martini et al., 2013; van Haren, 2013; van Haren and Greinert, 2013] or bay slopes [Walter et al., 2012; Masunaga et al., 2016] . Reports from deep trench slopes are rare. A trench slope system is comprised of a fore-arc basin with a gentler slope, a trench slope break, and a trench slope extending with a steeper slope down to the trench axis. This deep system may be compared with the shallower continental slope system, which consists of a continental shelf, a shelf break, and a steeper continental slope [Honza, 1981] (see Figure 1) . If bores are generated and propagate upslope in the trench slope system as in Figure 1a . Three arrows show the locations of the shelf break, the trench slope break, and the trench axis. The shelf break separates the continental shelf with a gentler slope from the steeper continental slope. The trench slope break separates the fore-arc basin with a gentler slope from the steeper trench slope extending down to the trench axis. The distance in the upper frame is measured relative to the observational site, which is located at the trench slope break. multinarrow beam (MNB) systems. The bathymetry data resolution is better than 1 m, but the accuracy is difficult to estimate because of the smoothing operation used in several available data sets.
The AOBS contains a triaxial accelerometer developed by Quartz Seismic Sensors, Inc., (Figure 2 ) which uses quartz crystal resonators to convert the analog force inputs to digital outputs. The accelerometers have ranges of 20 m/s 2 , sensitivity in ppb, and a good long-term stability [Paros, 2014] . They can measure strong earthquakes without clipping and can use the invariance of the Earth's 1 g gravity vector as a reference. The triaxial accelerometer senses both the acceleration change due to ground displacement and the component change of the 1 g gravity vector due to ground tilt. The former is dominant in the frequency range related to strong seismic waves, and the latter is dominant well below that range. The latter is the frequency range of our interest, where the root-mean-square (RMS) noise floor is below 10 -8 g. The three axes of the accelerometer are designed to be mutually orthogonal, and any small internal mechanical misalignments are corrected in the retrieved data using the alignment matrix table prepared by the factory. Using the alignment matrix allows accurate measurements of seismic signals and tilts on the decoupled orthogonal axes. The sampling rate is set at 1 Hz. In practice, the measured total acceleration value is not time invariant but decreases quasi exponentially through the observational period of 10 months [Paros and Kobayashi, 2015a, 2015b] . This decrease is due to the long-term drifts of the component sensors, but it is slow enough to ignore for the analysis of the transient events of our interest. The accelerometer contains an internal quartz crystal temperature sensor to compensate for thermal effects on acceleration. Even though there is a thermal time lag, the internal temperature is a good measure of external temperature changes. The housing of both the AOBS and the BBOBS is a titanium sphere of 650 mm diameter, supported by a 1 m 3 1 m framed anchor. The whole AOBS weighs 220 kg in the air with a bulk density of 1320 kg/m 3 , and the whole BBOBS weighs 240 kg with a density of 1440 kg/m 3 . The weight of the anchor is 90 kg in the air.
A two-dimensional electromagnetic current meter, INFINITY-Deep, is attached to the AOBS (Figure 2 ) to measure the horizontal current velocities at a resolution of 0.02 cm/s with an accuracy of 2 cm/s. The water temperature measurement has a resolution of 0.0018C with an accuracy of 0.028C (JFE Advantech Co. Ltd., http://www.jfe-advantech.co.jp/ocean/infinity/ infinity-deep.html). The current is sensed at a height of about 90 cm from the seafloor, well above the top of the AOBS. The sampling rate is set at 0.1 Hz. This current meter is equipped with an electric compass, from which the two horizontal components of the current speed are rotated into the north-directed and the east-directed components. The directions of the two horizontal components of the AOBS are determined by the geometrical relationship with this current meter. The BBOBS is equipped with a gimbal-mounted three component broadband seismometer, CMG-T3, which has the mass-position (acceleration) outputs as well as the velocity outputs (see also http://www. guralp.com/documents/MAN-030-0001.pdf# search5'CMGT31seismometer' for CMG-T3).
We use the mass-position outputs from the two horizontal sensors to measure the tilt change relative to the gimbal frame. The sensor directions are determined with an electric compass inside the BBOBS. The sampling rate is set at 100 Hz.
The observational site is located at the slope break between the fore-arc basin and the trench slope [Honza, 1981] (see Figure 1 ). Referring to Figure 1b , the slope of the fore-acrc basin is 0.026 (1.58) at a depth range from 1500 to 3000 m, while that of the trench slope is 0.125 (7.18) at a depth range from 3500 to 6000 m approximately in the N1108E direction. The topography within 2 km landward of the observational site is complicated by a NNE-SSW trending large normal fault [Tsuji et al., 2011; Tsuji et al., 2013] . dive was made in a separate project a few hundred meters away from these sites and observed that the sea floor consists of fine gravel covered with soft mud. The AOBS in a quiet period indicates that the instrument is dipping toward N144.58E at an angle of 14.58 against the horizontal. This slope is considerably larger than that of the map-based slope of 78. The AOBS package after the free fall might have been anchored to the ground either not exactly in parallel with the seafloor surface or in parallel with an area of the seafloor surface that locally slopes steeply. Note that the tilt of the AOBS discussed here is a permanent one on the order of 2 3 10 21 rad in contrast to the transient tilt changes of our interest that are on the order of 2 3 10 26 22 3 10 25 .
Analyses of Records
Appendix A lists the 42 slow tilt events that we detected. Figure 4 shows the records of events No. 40 and No. 42. The AZ, AX, and AY components of the AOBS represent the seafloor-normal acceleration (positive upward) and the two components of seafloor-parallel acceleration (positive in the N208E and W208N directions, respectively), so that AZ, AX, and AY are oriented approximately in the seafloor-normal-upward, cross slope, and upslope directions in the right-hand system. The AS is the square root of the squared sum of the three components, which should remain at a value of 1 g acceleration if the ground motion is purely tilting. . Each straight line emanating from the origin of the (AR, AZ) plane indicates the differential acceleration vector (dAR, dAZ) in the time interval Dt from the onset to peak time. If the motion is purely tilting, the acceleration vectors (AR, AZ) and (AR 1 dAR, AZ 1 dAZ) at the onset and peak times are related to each other as
2 . Each straight line on the (AR, AZ) plane, therefore, satisfies a relationship such that dAZ/dAR 5 2AR/AZ. The orientation of the straight line should indicate the permanent tilt angle of 14.58 of the AOBS. This is indeed almost the case, confirming again that the events are primarily tilt events. The lengths of the straight lines divided by the value of AS indicate an average tilt decrease of (6.5 6 4.0) lrad against the original slope. The vectors on the (AX, AY) plane, in contrast, indicate the average updip tilt direction of N(1178 6 178)E, which is close to the average seafloor slope direction of N1108E (Figure 1a) , suggesting that the observed events are slope related.
The oceanographic data are available only for events No. 1 and No. 2, because the current meter attached to the AOBS (Figure 2 ) was simply a commercially available meter that can run with a sampling rate of 0.1 Hz for only 2 weeks. Figure 8 shows a comparison of the CX (north-to-south) and CY (west-to-east) components of the current velocity with the AX (N208E) and AY (W208N) components of acceleration. The current speed is on the order of several cm/s. The similarity of the waveform between the current and tilt is remarkable as indicated by the high values of the correlation coefficients (Table 1a ). The current is directed onshore (upslope) and its speed increases at the tilt increase stage (first stage) and decreases at the tilt decrease stage (second stage). This correspondence between current speed and tilt implies that the sensors are tilted by the rotation of the sensor package pushed by the passing current [Webb, 1998; Crawford and Webb, 2000] . There is no evidence that the AOBS is displaced by the currents. The apparent sensitivity of the accelerometer to current passage is about 10 26 g/cm/s, Figure 5 . Plots of the peak amplitude versus rise time for the AY component. Rise time is defined as the time from the onset to the peak of tilt motion. Peak amplitude is defined as the differential amplitude between the onset and peak times. although there are too many unknown, case-sensitive factors to explain this apparent sensitivity quantitatively [Dahm et al., 2006] . This increase in current speed is accompanied by a temperature drop of several tens of m 8C, which occurs more sharply but somewhat later than the current change. The cold bottom water tends to remain cold even after the current has diminished. Although the direct measurement of water temperature is limited to events No. 1 and No. 2, the thermometer inside the accelerometer shows that not only these, but all the other tilt events, are also accompanied by temperature drops with comparable magnitudes (Appendix A) but with a long time constant delay characteristic to the thermal inertia of the accelerometer-package (Figure 9) . The cooling of the water is an essential element of the observed phenomenon. As will be discussed, all of these features can be explained as being associated with the upslope passage of internal bores.
Interpretations
The upslope current and the cooling of water imply passage of the leading edge of the bores that are formed when internal waves encounter a sloping boundary and advance up the slope with nonlinearly growing amplitudes [Thorpe, 2005; Lamb, 2014] . Their trailing waves generate decaying turbulence up to several hours after their passage [Walter et al., 2012; van Haren and Greinert, 2013] . Note that the observational site is unique not only geomorphologically but oceanographically, as the trench slope on the deeper side is sloping at 7.18, while the fore-arc basin on the shallower side is sloping at 1.58 (Figure 1b) . Between these slopes, the M2 tide should find a critical slope if the ambient buoyancy frequency is between 0.87 3 10 23 and 4.1 3 10 23 rad/s. The buoyancy frequency N at depths of 3400 m around the observational site is estimated to be typically 1 3 10 23 rad/s from the N 2 map in the northwestern Pacific [Li and Xu, 2014] , which corresponds to a critical slope angle of 6.28 for the M2 tide. Allowing the estimate of N 2 from the map to range from 0.7 3 10 26 (rad/s) 2 to 1.4 3 10 26 (rad/s) 2 , the critical angle changes from 5.48 to 7.48, so that the slope angle of 7.18 of the trench slope (Figure 1b) is either supercritical or near critical. If it is supercritical, the slope should become critical somewhere near the top of the trench slope. This unique locality of the observational site might have contributed to our (presumably the first) detection of bores in the trench system. We consider the M2 internal tide as the most likely source of the observed bores, although other possibilities cannot be precluded. 
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In linear wave theory, the wavelength and group velocity of the critically reflected wave goes to zero and its amplitude becomes infinite [Lamb, 2014] . Accordingly, as internal tides move onshore up a near-critical slope, isopycnals would become progressively steeper, leading to an unstable density profile that overturns and breaks to form bores [Venayagamoorthy and Fringer, 2012; Martini et al., 2013] . Figure 10 shows the numerically simulated illustration of the upslope propagation of a bore upon the incidence of the first mode M2 internal tide. Also shown are the corresponding temporal changes of the current speed and the temperature at a fixed point on the slope [Masunaga et al., 2016] . The temperature drop is preceded by the current acceleration, indicating movement of the seawater ahead of the bore front. This temperature drop is recovered at a much slower rate than the current acceleration because the bottom part of the cold core remains cold even after the fluid becomes almost still. These features are in qualitative agreement with past observations [Rosenfeld et al., 1999; van Haren, 2009] as well as our observations (Figure 8 ). In these observations, the temperature drop occurs more rapidly than the current acceleration. This feature may be compared with the result of the numerical experiment shown in Figure 10 where the time for the temperature drop to reach half the maximum is shorter than the time for the current acceleration to reach half the maximum. This rapid temperature drop may be explained by the overturning of the isopycnals so that the observational site is cooled not only from behind but also from above [Venayagamoorthy and Fringer, 2012] .
On the arrival of the bore, the current speed rises to several cm/s within 1000 s (CX and CY in Figure 8 ), indicating that the bore front is several tens of meters thick. The involved temperature drop is several tens of m 8C. The mean vertical structure of in situ and potential temperatures are evaluated from the World Ocean Atlas 2013 (WOA13) (NOAA, https:// www.nodc.noaa.gov/OC5/woa13/pub woa13.html) at the two nearest grid points to our instruments on the offshore side of the slope. It is found that if water parcels are advected 
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upslope to the instrument depth from 300 m below, their temperatures will be 0.058C lower than the ambient temperature. A portion of the change, 0.0158C, is explained by the ambient in situ temperature gradient and the rest by the adiabatic expansion of the water parcels. We suggest that this 300 m thick vertical layer is folded up through the processes of bore formation into the upslope frontal rim with a thickness of several tens of meters. Such an approximately tenfold densification of isopycnal contours at the rim relative to the undisturbed stratification is indeed observed in numerical experiments of bore generation (see stage (c) in the time sequence plots of the isopycnal contours in Venayagamoorthy and Fringer [2012, Figure 4] ). After the passage of the bore front, the current speed slows down on a time scale that is strongly event dependent. Event No. 2 represents an extreme case with the shortest time scale on the order of 1000 s (Figure 8 ). In general, however, the time scale involved is much longer, on the order of 10,000 s, as for No. 40 and No. 42 (Figure 4) , indicating that the bore-associated upslope current dies out on a time scale of this magnitude.
The correlation lag between the AY and TY components ranges from 2600 to 1500 s and is more often positive ( Figure 6 ). The positive correlation lag means that the bore wave arrives first at the (seaward) AOBS site and next at the (landward) BBOBS site. The cases of negative lags are often problematical, though they are fewer in number. We examine, as typical cases, events Nos. 1, 5, 6, 10, 25, and 39, which possess the largest negative correlation lags (<2200 s) between AY and TY ( Figure 6 ) with unusually large relative amplitudes of the AX and TX components (see Figure 8 for event No. 1). Table 1ab shows the result of the examination. Each of the six events shows a positive correlation lag between AX and TX in contrast to a negative lag between AY and TY, implying multiple arrivals of bore waves from different directions. Such Figure 9 . Records of the AY component and temperature change inside the accelerometer on the days of events No. 40, No. 41, and No. 42 . The response of the thermometer to a change of water temperature is extremely slow due to the large thermal inertia of the container. multiple arrivals may occur either by the lateral instabilities that have developed through the unstable propagation of the upslope bores [Venayagamoorthy and Fringer, 2012] or by the incident internal waves traveling obliquely to the slope where fronts may form for a wide range of incident angles [Gemmrich and van Haren, 2001] .
Discussion and Conclusions
We find no obvious semidiurnal or fortnightly periodicity in the occurrence of bore events, although the events are detected roughly twice a month. The current data available for the first 2 weeks of our observations show poor correlation between the event occurrence and the local tidal flow visually identified from the current meter record. The absence of significant tide-related periodicities suggests that the origin of the observed bores is not from locally generated internal tides but is related either to nontidal Figure 10 . An example of a numerically simulated internal bore wave [Masunaga et al., 2016] . Semidiurnal first mode internal waves are forced to encounter the sloping boundary. (top) Temperature distribution before a (left) bore event and (right) that perturbed by the advance of a bore front. These two illustrations are slightly modified versions of Masunaga et al. [2016, Figure 12] . (middle) Temperature and (bottom) current changes by passage of the bore front at a fixed point of the sloping seafloor (courtesy of E. Masunaga).
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local internal waves or to remotely generated and long range low-mode internal tides filled in the ocean interior. Their amplitude fluctuation in time and space and the fluctuation in background conditions (e.g., stratification and boundary currents) may lead to a coincidental formation of the bores at the near-critical slope. The near criticality of our observational site for the M2 tide suggests the tidal origin of the observed bores. Martini et al. [2011] observed that the internal tide on the Oregon continental slope has two major components, one related to and the other unrelated to the spring tide, attributable to a locally generated internal tide and a remotely generated (initially mode 1) internal tide, respectively. Figure 11 shows the semimonthly plot of the number of tilt events, exhibiting a large peak in the interval around the autumnal equinox. We note that the tide range (height difference between the high and low tides) is largest around the new and full moons, and this fortnightly maximum is the largest around the equinoxes during the year. The data are too few, however, to discuss the possible relevance of the equinox to the bore formation.
The relatively frequent occurrence of the bore events (50 times a year) suggests the possible role of the bores in sediment transportation along a trench slope. Kawamura et al. [2012] and Tappin et al. [2014] suggest the occurrence of triggered submarine landslides by the 2011 Tohoku-Oki earthquake. According to Noguchi et al. [2012] , the triggered landslides stir unconsolidated sediments, and their particles are found suspended in the ocean even 1 month after the 2011 earthquakes. Because of the relatively frequent occurrence of the bore events, there is a good chance for such suspended sediment particles to be entrained by the upslope bores. Therefore, the sediments that are downslope transported and stirred up into the ocean by submarine landslides may eventually be upslope transported by internal bores [Hosegood et al., 2004; Walter et al., 2012; Martini et al., 2013] . Such excursion of surface sediments between onshore and offshore is likely to occur not only on continental slope but also on trench slope.
Observations of internal bores are made mostly on continental slopes. Observations on trench slopes are rare. The continental slope system changes its morphology from a continental slope to a continental shelf across the shelf break. This corresponds, for internal tidal waves, to the transition from a supercritical slope to a subcritical slope across the critical slope [Lamb, 2014] . Likewise, the trench slope system changes its morphology from a trench slope to a fore-arc basin across the trench slope break (Figure 1b ) [Honza, 1981] .
With a typical value of 0.001 rad/s for the buoyancy frequency, the trench slope at an angle of 68 in Figure 1b is closely critical for the M2 internal tide. The trench slope is steeper than 78 (supercritical) in Alaska, S. Cascadia, Costa Rica, N. Chile, N.E. Japan, Peru, Tonga, Nicaragua, S. Sandwich, and Mexico [Hu and Wang, 2008] . The fore-arc basins are subcritical for all of these trench systems. The trench slope dips at 5-78 (near critical) in the Aleutian Islands, S. Chile, Costa Rica, Ecuador, and Guatemala [Hu and Wang, 2008] . Legg and Adcroft [2003] note from their numerical experiments that upslope propagating bores are Journal of Geophysical Research: Oceans 10.1002/2015JC011432 generated from a finite amplitude flow for a wide range, rather than for a narrow range, of topographic slopes around the critical angle. Therefore, internal bores are likely to be generated in many circum-Pacific trench slope systems. The continental and trench slope systems may act as a significant sink of the lowmode internal tides remotely generated on the Pacific seafloor.
Appendix A
We visually detected 42 tilt events on the AOBS acceleration records and confirmed their occurrences on the BBOBS tilt records. Temperature drop associated with each event was confirmed on the record of the thermometer inside the AOBS. The detail of these analyses are summarized in appendix table (Table A1 ). W208N , and seafloor upward, respectively, or if initial tilt motion is in S208W, E208S, and reduction of tilt angle, respectively. If two events are detected in the same time window, the polarities are identified separately. TX, TY: positive if initial acceleration motion of BBOBS is northward and westward, respectively, or if initial tilt motion is southward and eastward, respectively. If two events are detected in the same time window, the polarities are identified separately. If the polarity is difficult to identify, it is marked by *. Window: start and end times of the 10,000 s window where the correlation between AY and TY is calculated. 
